1. Introduction {#sec1}
===============

Soybean is considered as one of the oldest agricultural plants which contain abundant amounts of proteins, carbohydrates, oil, phosphorus, calcium, iron, magnesium, zinc, fibres, and vitamins ([@bib3]). The agricultural productivity of soybean is decreased by a wide array of environmental stresses especially low water availability. Traditional breeding programs have aimed to improve the growth of plants against abiotic stress environments, but with limited success ([@bib60]) especially under unexpected global climate change, limited water resources and unpredictable rainfall. Such climate changes will increase the impact of water shortage on plants ([@bib64]). Furthermore, an increasing frequency of droughts in days ahead will make natural and cultivated vegetation more vulnerable to severe and acute shortage of water ([@bib51]). Drought stress imposes drastic effects on plant growth, development, agronomic and yield traits ([@bib63]) by altering physio-anatomical mechanisms ([@bib9]). It disturbs plant-water relations, photosynthetic gas exchange capacities, cell turgor, source-sink relationships and various metabolic processes in plants ([@bib10], [@bib9]). This was synchronized with the generation of reactive oxygen species which induces oxidative stress and damages proteins, membrane lipids, and other cellular components and activated other biochemical reactions ([@bib13]; [@bib63]).

Researchers globally seek to apply eco-friendly regulators for crop development against various abiotic and biotic stresses ([@bib18]). The development of plant growth and preservation condition is a prevalent approach in agriculture, should be parallel to lessening the utility of hazardous chemicals products ([@bib82]). During the last decade, the foliar application of plant growth regulators and biomolecules, such as polyamines (PAs) has become an established procedure in crop production to increase yield and quality of the crop under abiotic stresses as drought ([@bib68]; [@bib2]). During the stress, the signaling properties of polyamines allow adjusting ion homeostasis and ion movement via reacting with ion channel ([@bib54]). So, PAs besides their ability to manage natural plant developmental and physiological pathways, they withstand striking role in abiotic stress tolerance ([@bib28]). Thus, improving the expression of PAs synthetic genes and enhancing PAs production could mitigate stress-induced negative impacts on plant ([@bib41]). Polyamines, mainly diamine putrescine (Put), triamine spermidine (Spd) and tetraamine spermine (Spm), are low molecular weight aliphatic polycations and are ubiquitously distributed in all living organisms ([@bib45]; [@bib37]). Polyamines are involved in many physiological processes, such as cell division, growth and development, and respond to stress tolerance to various environmental factors ([@bib40]; [@bib35]). [@bib72] illustrated that PAs have a vital role in up-regulation of the cellular redox status, the transcript expression and the action of antioxidant enzymes. In addition, PAs may participate in cellular signals, thus manage plant tolerance against the stress ([@bib72]; [@bib52]). A number of studies have demonstrated that the application of exogenous PAs can improve drought tolerance ([@bib5]; [@bib57]; [@bib81]; [@bib37]). Numerous studies are available for outstanding the role of spermine, distinct from the other major polyamines, in eliciting an effective defense response to biotic and abiotic stresses. These studies revealed that spermine functions differently during biotic and abiotic interactions in the regulation of oxidative homeostasis and phytohormone signaling ([@bib66]). Spermine application may increase the expression levels of the stress-related genes that protect seedlings from stress damage ([@bib52]). Furthermore, considering that Spm contains four nitrogen groups, it could provide greater buffering capacity than Spd and Put ([@bib70]). This is in agreement with previous studies that report exogenous Spm, unlike Spd and Put, has a potent anti-senescence effect on plants ([@bib84]). So far, it is decisive to further studying the physiological roles of spermine on many plants to address its effects on osmolyte accumulation and water relations. Accordingly, the aim of the present investigation was to examine the fundamental role of spermine in enhancing soybean tolerance against different levels of water deficit.

2. Materials and methods {#sec2}
========================

2.1. Experimental design {#sec2.1}
------------------------

The experiment was conducted at Botany and Microbiology Department, Faculty of Science, Assuit University, Egypt during the year 2016. The seeds of two soybean cultivars (namely, Giza 111 and Giza 21), were supplied from Faculty of Agriculture, Assiut University, Assuit, Egypt, were surface sterilized with 0.2 % HgCl~2~ solution for 5 min and thoroughly rinsed with distilled water. Sterilized seeds were soaked in 0.2 mM spermine for 48 h at 27 ± 2 °C and control plants were soaked in distilled water where the ratio of seed weight to solution volume was 1:5 (w/v). Treated or untreated seeds were sown in pots (20 cm diameter and 25 cm height) containing 1 Kg air-dry soil (sand/clay 1:2 v/v) in rate of 3 seeds/pot. The plants were kept in the greenhouse during experimentation to secure mild climatic conditions for 8 weeks where the soil water content was maintained near field capacity. Meteorological data (average values) recorded at Botany and Microbiology Department, Faculty of Science, Assuit University, Egypt were recorded in [Table 1](#tbl1){ref-type="table"}.Table 1Meteorological data (average values) recorded at Botany and Microbiology Department, Faculty of Science, Assiut University, Egypt during the year of 2016.Table 1JuneJulyAugustDayNightDayNightdaynightTemperature °COptimum352537273930Minimum302032223325Maximum403042324435Relative humidity, %485250555357Rain fall, mm000Photoperiod, h121213111410High intensity, ΔT, lux200023002500

Afterwards, each group was divided into four sub-groups corresponding to four different levels of water stress (0, -0.1, -0.5 and -1.1 MPa). Five pots per treatment were conducted. The moisture content of the soil in each pot was adjusted gravimetrically by decreasing the availability of water to the desired levels. Soil water content can be obtained by characteristic curve data of soil moisture desorption curve achieved by the pressure plate technique ([@bib59]). The plants were kept under the assigned levels for 12 days before starting the measurements.

2.2. Plant analyses {#sec2.2}
-------------------

### 2.2.1. Growth analysis {#sec2.2.1}

Fresh weight of the harvested plants was determined immediately then oven dried at 60 °C for 2 days to a constant weight to evaluate dry weight.

### 2.2.2. Determination of chlorophyll parameters {#sec2.2.2}

Chlorophyll a and b were extracted from a definite weight of fresh healthy leaves suspended in 5 ml of 95% ethyl alcohol at 60--70 °C in water bath. Absorbance readings were followed with a spectrophotometer (Unico UV-2100 spectrophotometer). Chlorophyll a and b were calculated as mg/g FW at 663 and 644 nm using equations recommended by [@bib39]. Chlorophyll stability index (CSI) calculated according to [@bib48] as the ratio of chlorophyll content in water heated leaf (56 ± 1 °C) to that in fresh leaf, expressed as a percentage.

### 2.2.3. Preparation of leaf extraction for metabolites and osmotic pressure {#sec2.2.3}

The fresh shoots were dried in an oven at 70 °C for 24 h, and then the dry shoots were ground into fine powder and placed in distilled water. The extraction technique was adopted from [@bib22].

#### 2.2.3.1. Determination of osmolytes {#sec2.2.3.1}

In the plant extract, soluble hydrolysable carbohydrates (in water extract) and total carbohydrates were hydrolyzed into simple sugars by acid hydrolysis (HCl) using procedures described by [@bib19]. 0.2 ml of extract was completed to 2 ml with distilled water and then add 1 ml 5% phenol followed by 5 ml concentrated H~2~SO~4~ rapidly. The tubes were placed in water bath at 25--30 °C for 10--20 min before reading the developed color at 490 nm.

Proteins were determined using alkaline reagent solution according to the method of [@bib42]. Five ml of the alkaline reagent were added to 0.1 ml of the water extract. The tubes were mixed and allowed to stand at room temperature for 10 min and then add 0.5 ml of diluted Folin Ciocalteau\'s reagent (1:2 v/v) and were mixed rapidly. After 30 min, the extinction of blue color developed against appropriate blank was read at 750 nm. A calibration curve was constructed using bovine serum albumin and the data were expressed as mg protein/g DW.

Free amino acids were determined according to the method of [@bib46] in the previous water extract of soluble sugars and proteins. One ml of Stannus Chloride reagent was mixed with 0.5 ml of the water extract and then the tubes were boiled in water bath for 20 min and then cooling. Four ml of diluent solvent was added and mixed rapidly. The extinction of violet color was recorded at 570 nm against blank containing all the above reagents and distilled water instead of the extract of plant sample. A calibration curve was constructed using glycine and the data were expressed as mg amino acid (glycine)/g D.W.

#### 2.2.3.2. Determination of osmotic pressure {#sec2.2.3.2}

The osmotic pressure of leaf sap was measured by the cryoscopic method ([@bib78]) and described by [@bib21]. The plant sap was obtained by crushing portions of washed leaves according to [@bib65]. The sap obtained used for measurement of osmotic potential by the cryoscopic method of [@bib75] using a Beckman differential thermometer (calibrated to 0 ± 01 °C). The correction of [@bib79] and [@bib77] for the super-cooling was used to calculate the real freezing point depression. The osmotic potentials (-bar) were then obtained from tables compiled by [@bib76].

### 2.2.4. Water relations {#sec2.2.4}

#### 2.2.4.1. Relative water content (RWC) {#sec2.2.4.1}

Relative water content was calculated according to [@bib74] using the following equationWhere FW = Fresh weight, TW = Turgid weight measured after 24 h of saturation on deionized water at 4 °C in the dark and DW = dry weight.

#### 2.2.4.2. Water use efficiency (WUE) {#sec2.2.4.2}

Prior to every irrigation, each pot was weighed and the weight differences (kg) were converted to volume (ml). The values obtained for each pot represented the volume of water applied to that particular pot at that period. The average volume of the water used rate was determined for each cultivar. The water use efficiency based on biomass was calculated according to [@bib36] as follows:

#### 2.2.4.3. Transpiration rate {#sec2.2.4.3}

Transpiration rate (TP) was expressed as g water loss/cm^2^ leaf area/hour according to the equation adopted by [@bib14]. The daily transpiration rate (TP, g day^−1^) per pot was measured using the gravimetric method. TP is the transpiration rate on day i (g), W~i~ is the weight of the entire pot after the irrigation on day i (g), and W\`~i+1~ is the weight of the entire pot before irrigation on day i+1 (g). Irrigation was carried out by adding the same amount of water as had been lost through transpiration (i.e., TP). The total TP per pot was divided per number of plants in each pot based on their final plant biomass and the TP and calculated using the following equation.

#### 2.2.4.4. Leaf stomatal conductance {#sec2.2.4.4}

Leaf stomatal conductance is the inverse of the stomatal resistance. The stomatal resistance can be calculated from the following equation which has been applied by [@bib71], and as adopted by [@bib20] were$$\text{T}. = \frac{c_{leaf} - c_{air}}{r_{leaf} + r_{air}} = \frac{0.622\text{~p}}{p}X\frac{e_{leaf} - e_{air}}{r_{leaf} + r_{air}}$$where $r_{leaf + \ r_{air}}$ = r. is the total (stomatal) resistance at the leaf-air interface, then$$\text{r.}\ {(\text{sec/cm})} = \frac{0.622\ \text{p}}{p}x\frac{e_{leaf} - e_{air}}{t.}$$where: T. = transpiration rate (mg. H~2~O/cm^2^/sec), r. = total stomatal resistance (sec/cm), C~leaf~ = concentration of water vapor in leaf (absolute humidity) (mg/cm^3^), C~air~ = concentration of water vapor in air (mg/cm^3^), e~leaf~ = vapor pressure inside leaf (mm Hg) and e~air~ = vapor pressure of air (mm Hg).

$\Delta e\ $ = $e_{leaf} - e_{air}\ $which is the vapour pressure deficit between the leaf and air bulk outside. The term 0.622 p/p. is a conversion factor to change from $\Delta$c ($c_{leaf} - c_{air}$) to $\Delta e$. It has a value of approximately 10^−6^, so 1 mm of vapor pressure is equivalent to approximately 1 mg of water vapor per liter of air. If most of the stomata are on one surface of a leaf, r. will differ significantly for the upper and lower surfaces ([@bib30]).

### 2.2.5. Membrane damage traits {#sec2.2.5}

#### 2.2.5.1. Electrolyte leakage {#sec2.2.5.1}

Electrolyte leakage (EC %) was estimated as given by [@bib55]. Fresh leaf discs of the test plants washed with deionized water and submerged in 30 ml deionized distilled water for 24 h at 10 °C. The electrical conductivity (conductimeter, YSI Model 35 Yellow Springs, OH, USA) of the bathing solution was measured at 25 °C. Leaf discs were autoclaved for 15 min, cooled to 25 °C, and the electrical conductivity was measured. Electrolyte leakage was evaluated as a percentage injury according to the following equation:where C1 and C2 are the electrolyte conductivities measured before and after autoclaving, respectively.

#### 2.2.5.2. Lipid peroxidation {#sec2.2.5.2}

Lipid peroxidation was determined by measuring "malondialdehyde" (MDA) formation using the "thiobarbituric acid (TBA) reaction" as described by [@bib43]. Fresh leaves were homogenized in 0.1 % trichloroacetic acid (TCA) and ten centrifuged for 10 min at 10,000 rpm. 1 ml of the supernatant was mixed with TCA-TBA reagent. The mixture was heated on water bath at 95 °C for 30 min and then cooled rapidly on an ice-bath. Afterwards, the mixture was centrifuged at 10,000 rpm for 15 min and the absorbance of the supernatant was monitored at 532 nm. The concentration of MDA was calculated by using an extinction coefficient (155 mM) and the results expressed as μg/g fresh weight (FW). The concentration of MDA was calculated by using an extinction coefficient (155 mM) and the results expressed as μmol/g FW.

### 2.2.6. Hydrogen peroxide (H~2~O~2~) {#sec2.2.6}

Hydrogen peroxide content of leaves samples was measured spectrophotometrically as described by [@bib47]. The concentration of H~2~O~2~ was calculated from a standard curve plotted with known concentration of H~2~O~2~ and expressed as μmol/g FW. Fresh leaves were grinded in cold acetone (4 ml). Three ml of the acetone extract was mixed with 1 ml of 0.1 % titanium dioxide in 20 % H~2~SO~4~ and the mixture was then centrifuged at 6000 rpm for 15 min. The yellow color developed was measured at 415 nm.

### 2.2.7. Non-enzymatic antioxidants {#sec2.2.7}

#### 2.2.7.1. Phenolic compound content {#sec2.2.7.1}

Phenolic content was determined according to [@bib32] using the Folin-Ciocalteu\'s phenol reagent. Hundred μl of the methanol extract were diluted to 1 ml with distilled water and mixed with 0.5 ml of 2 N Folin-Ciocalteu\'s reagent and 2.5 ml of 20 % Na~2~CO~3~. The mixture was left for 20 min at room temperature, and then the absorbance of samples was measured at 725 nm with Unico UV-2100 spectrophotometer. Phenolic concentration in methanol extract was determined from standard curve prepared with gallic acid and the data expressed as mg/gm FW.

#### 2.2.7.2. Total antioxidant {#sec2.2.7.2}

The total antioxidant contents were elicited based on [@bib56]. Methanolic extract and reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdate); was incubated at 95 °C for 90 min, and then cooled to room temperature. The absorbance was measured at 695 nm and the data were expressed in terms of ascorbic acid equivalents as μg g^−1^ dry matter using molar coefficient of 0.997 μg^−1^ cm^−1^ ml^−1^.

#### 2.2.7.3. Anthocyanin pigments {#sec2.2.7.3}

Anthocyanin pigments were determined according to [@bib33] on acidified methanol (1% HCl v/v) extract of leaves. Anthocyanin content was expressed as μmol/g FW using extinction coefficient of 33.000 mol^−1^ cm^−1^.

### 2.2.8. Statistical analysis {#sec2.2.8}

The data were subjected to one-way ANOVA using SPSS 18.0 software program. Means were calculated for three replicate values. Means were compared by the Duncan\'s multiple range tests and statistical significance was determined at 5 % level.

Declaration {#sec2.3}
-----------

I hereby declare that the used chemicals or species in the current study need no approval or permission to be used.

3. Results {#sec3}
==========

3.1. Growth analysis {#sec3.1}
--------------------

he data in [Table 2](#tbl2){ref-type="table"} illustrated that water-deficit adversely reduced growth of cultivars Giza 111 and Giza 21 as expressed in reduction of fresh and dry mass as well as inhibition of chl a, chl b and chlorophyll stability index which was prominent for cv. Giza 21 compared to cv. Giza 111. The damaging effect of drought was restrained by spermine priming to be more or less comparable to control especially at moderate water stress levels. Although spermine neither prompted biomass (fresh or dry) nor pigment composition for normally irrigated plants, the stimulatory effect of spermine on biomass and pigments increased as water shortage increased in the soil.Table 2Fresh weight, dry weight, chlorophyll a (Chl a), chlorophyll b (Chl b) and chlorophyll stability index (CSI) of cv. Giza 111 and cv. Giza 21 under different water levels as affected by 0.2 mM spermine priming. Each value represents a mean value of three replicates ±SE. values with different letters are significantly different at *P \< 0.05*.Table 2FWT (g/plant)DWT (g/plant)Chl a (mg/g FW)Chl b (mg/g FW)CSI (%)Giza 111Giza 21Giza 111Giza 21Giza 111Giza 111Giza 21Giza 111Giza 111Giza 21Water priming010.33b ± 10.86a±0.030.65d ± 0.0140.29b ± 0.0030.86b ± 0.030.65d ± 0.0140.29cb ± 0.0033.2a±0.057c±0.215d ± 0.3-0.19.67b ± 20.75ab±0.010.47c±0.0110.25ab±0.0010.75ab±0.010.47c±0.0110.25b ± 0.0015c±0.26b ± 0.184.1c±0.4-0.58.33a±1.20.64b ± 0.01420.31b ± 0.0040.20a±0.001420.64a±0.01420.31cb ± 0.0040.20a±0.001425.2c±0.15a±0.052.7b ± 0.5-1.17.67a±20.6b ± 0.0040.28a±0.0030.18a±0.0030.6a±0.0040.28a±0.0030.18a±0.0035.7c±0.14.7a±0.1411.9a±0.03Spermine Priming011b ± 1.90.83a±0.030.77e±0.020.3b ± 0.0030.83b ± 0.030.77e±0.020.3c±0.0033a±0.056.9cb ± 0.2076.4e±0.3-0.110.5b ± 20.83a±0.0260.71d ± 0.0170.27ab±0.00260.83b ± 0.0260.71e±0.0170.27b ± 0.00264b ± 0.087c±0.355.4d ± 0.2-0.59.83b ± 1.10.75ab±0.030.66d ± 0.030.23ab±0.0030.75ab±0.030.66ed±0.030.23b ± 0.0034b ± 0.17c±0.283.8c±0.1-1.110b ± 1.50.70b ± 0.0060.60d ± 0.0230.20a±0.0060.70a±0.0060.60d ± 0.0230.20a±0.0063a±0.087.9d ± 0.2372.5b ± 0.1

3.2. Osmolytes and total osmotic potential {#sec3.2}
------------------------------------------

As depicted in [Figure 1](#fig1){ref-type="fig"}, water deficit exhibited gradual inhibition of total sugars ([Figure 1](#fig1){ref-type="fig"} a and f) for both cultivars which was more pronounced at the level of -1.1 MPa, whilst soluble sugars and soluble proteins increased for cv. Giza 111 and reduced for cv. Giza 21 ([Figure 1](#fig1){ref-type="fig"} b, c, g and h). On the other hand, free amino acids ([Figure 1](#fig1){ref-type="fig"} d and i) promoted under water stress, but more pronounced for cv. Giza 21 compared to control. For both cultivars, spermine priming significantly enhanced total sugars, soluble sugars and soluble proteins, whilst reduced free amino acids under deficit-water. Total osmotic potential ([Figure 1](#fig1){ref-type="fig"} e and j) vastly enhanced for both cultivars comprehensively for cv. Giza 111 more than cv. Giza 21. Spermine treatment reduced total osmotic potential compared to the drought level to be mainly around the control values.Figure 1Soluble carbohydrates, total carbohydrates, soluble proteins, free amino acids and total osmotic potential of cv. Giza 111 (a, b, c, d, e) and (f, g, h, i, j) for cv. Giza 21 under different matric potential levels as affected by 0.2 mM spermine priming. Each histogram represents a mean value of three replicates, and the vertical bars indicate ±SE. Bars carrying different letters are significantly different at *P \< 0.05*.Figure 1

3.3. Water relations {#sec3.3}
--------------------

The data in [Table 3](#tbl3){ref-type="table"} revealed that RWC and WUE (calculated based on Eqs. [(1)](#fd1){ref-type="disp-formula"} and [(2)](#fd2){ref-type="disp-formula"}, respectively) found to be inhibited slightly for cv. Giza 111 and dramatically for cv. Giza 21 as the water availability reduced in the soil. The transpiration rate and stomatal conductance (calculated based on Eqs. [(3)](#fd3){ref-type="disp-formula"}, [(4)](#fd4){ref-type="disp-formula"}, and [(5)](#fd5){ref-type="disp-formula"}, respectively) reduced for cv. Giza 111 and the reverse cut held was registered for cv. Giza 21. Spermine priming did not affect stomatal conductance either control or different moisture levels, whilst a promotion of WUE and RWC was encountered by the used genotypes especially under water stress. Spermine reduced transpiration rate for both genotypes to be lower than the corresponding level.Table 3Transpiration rate, stomatal conductance, relative water content (RWC) and water use efficiency (WUE) of cv. Giza 111 and cv. Giza 21 under different water levels as affected by 0.2 mM spermine priming. Each value represents a mean value of three replicates ±SE. values with different letters are significantly different at *P \< 0.05*.Table 3Relative water content (%)Transpiration rate (μmol m^−2^s^−1^)Water use efficiency (mg DW/H~2~O loss)Stomatal conductance (mol m^−2^s^−1^)Giza 111Giza 21Giza 111Giza 21Giza 111Giza 21Giza 111Giza 21Water priming089d ± 1.288e±25c±0.153.2a±0.057d ± 0.215d ± 0.30.8c±0.0240.69a±0.15-0.180c±2.460b ± 0.774.3c±0.1295c±0.26c±0.184.1c±0.40.5b ± 0.0150.67a±0.129-0.578b ± 0.8758b ± 0.72.4b ± 0.0295.2c±0.15b ± 0.052.7b ± 0.50.3a±0.0030.9b ± 0.024-1.175a±2.2548a±0.91a±0.035.7c±0.14.7a±0.1411.9a±0.030.34a±0.0120.87b ± 0.03Spermine Priming090d ± 2.788e±0.92ab±0.063a±0.056.9d ± 0.2076.4e±0.30.8c±0.0150.77a±0.06-0.188d ± 0.8877d ± 1.72.4b ± 0.0244b ± 0.087d ± 0.355.4d ± 0.20.46b ± 0.00460.8ab±0.024-0.580c±3.266c±21.1a±0.044b ± 0.17d ± 0.283.8c±0.10.44b ± 0.0170.93c±0.04-1.178b ± 2.3459b ± 1.41.1a±0.0333a±0.087.9e±0.2372.5b ± 0.10.39ab±0.01170.9c±0.033

3.4. Membrane damage criteria and hydrogen peroxide {#sec3.4}
---------------------------------------------------

The data in [Figure 2](#fig2){ref-type="fig"} a-f revealed drought tolerance variation of the two studied cultivars in terms of hydrogen peroxide, membrane leakage in terms of EC% (calculated based on Eq.[(6)](#fd6){ref-type="disp-formula"}) and lipid peroxidation of the leaves. In this regard, the magnitude of these traits increment positively correlated to cultivars tolerance to water stress which displayed significant increase even at mild drought level. The increase in H~2~O~2~ was 200 and 480%; that of electrolyte leakage was 16% and 57% as well as 110% and 164% for lipid peroxidation compared to control for cv. Giza 111 and Giza 21, respectively at the highest level of water stress. Unequivocally, spermine increased membrane rigidity by reduction electrolyte leakage, lipid peroxidation and the causal agent of the oxidative stress (H~2~O~2~), especially for the stressed plants to be lower than the corresponding stress level for both cultivars.Figure 2Electrolyte leakage (EC %), hydrogen peroxide (H~2~O~2~) and lipid peroxidation (MDA), of cv. Giza 111 (a, b, c) and (d, e, f) for cv. Giza 21 under different matric potential levels as affected by 0.2 mM spermine priming. Each histogram represents a mean value of three replicates, and the vertical bars indicate ±SE. Bars carrying different letters are significantly different at *P \< 0.05*.Figure 2

3.5. Non-enzymatic antioxidants {#sec3.5}
-------------------------------

As registered in [Figure 3](#fig3){ref-type="fig"} a-f, anthocyanins, total antioxidants and phenolic compounds stimulated by drought stress for both cultivars, but prominently for cv. Giza 111. Exacerbation of anthocyanin and phenolic compounds was registered for both cultivars irrespective to the water stress level used under spermine priming. Phenolic compounds found to be enhanced by spermine application, but this increment was lower than the corresponding stress level for cv. Giza 21. The total antioxidants enhanced progressively by spermine priming which was higher than the corresponding level for cv. Giza 21 and comparable to the corresponding water stress level for cv. Giza 111.Figure 3Anthocyanin pigments, total antioxidants and phenolic compounds of cv. Giza 111 (a, b, c) and (d, e, f) for cv. Giza 21 under different matric potential levels as affected by 0.2 mM spermine priming. Each histogram represents a mean value of three replicates, and the vertical bars indicate ±SE. Bars carrying different letters are significantly different at *P \< 0.05*.Figure 3

4. Discussion {#sec4}
=============

Polyamines are considered a plant growth regulators and a secondary messenger in signaling pathways which involved in abiotic stress tolerance ([@bib27]). In the present study, change in growth due to water deficit was appraised in terms of reduction of fresh and dry matter where cv. Giza 21 suffered the highest growth reduction, suggesting that it was the most water deficit-sensitive and Giza 111 was the most water deficit--tolerant one. Such cultivar dependent effect in response to drought stress was similar to the finding ([@bib1]). As has been described, spermine priming was effective in enhancing fresh and dry mater accumulation of soybean cultivars, which was more efficient under deficit irrigation and for the tolerant cultivar Giza 111 compared to cv. Giza 21. It is worth mentioning that the selected dose of spermine for both cultivars was not efficient enough to improve growth parameters under controlled conditions which indicated that spermine was promoter factor to dry matter acquisition especially under stress conditions. Ameliorative effect of spermine on different species has been reported by ([@bib5]; [@bib70]; [@bib6]; [@bib80]; [@bib45]; [@bib61]).

The main repairing mechanism of spermine priming under drought stress was the chlorophyll restoration chiefly at severe drought level used, in a way to redress food factory of stressed plants to adapt harsh conditions and save energy to a large extent for normal growth. This ameliorative effect of spermine may be attributed to increasing the stability of thylakoids membranes and plastids biogenesis ([@bib53]; [@bib15]). Polyamines exert positive effects on photosynthetic efficiency under stress conditions due to their acid--neutralizing and antioxidant properties, as well as their membrane stabilizing activity ([@bib44]). PAs with a high net positive charge can stabilize photosystem II proteins such as D1 and D2 under photo--inhibition conditions. So, PAs binding to membrane proteins may stabilize the protein structure during stress and consequently preserve photosynthetic activity ([@bib26]).

Photosynthesis limitation under drought mainly occurs through stomatal closure or metabolic impairment ([@bib8]; [@bib1]). In the present study, the tolerant cultivar Giza 111 exhibited low stomatal conductance under drought stress which in turn decreased the transpiration rate. This might be reflected on conserving water status of cv. Giza 111 that RWC and WUE reduced only by 15 and 33%, respectively at -1.1 MPa compared to control. Thus, cv. Giza 111 suffered from relative reduction of stomatal conductance. On the other hand, the sensitive cultivar (Giza 21) exhibited increment of the stomatal conductance and transpiration rate under drought stress. So, water status disturbed of cv. Giza 21 as registered from dramatic reduction of RWC even at the lower drought level (-0.1 MPa) by 32% and up to 46% at -1.1 MPa compared to control as well as minimization of WUE to be 38% of control at -1.1 MPa. These results notably indicating that the growth retardation of cv. Giza 21 could be ascribed to troubling of plant metabolism, thereby metabolic impairment rather than stomatal conductance limitation (non-stomatal limitation). Our findings declared with the interpretation of [@bib58] who suggested that the limitation of photosynthesis under drought through metabolic impairment is more complex phenomenon than stomatal limitation. Furthermore, when stomatal and non-stomatal limitations to photosynthesis are compared, the former can be quite small. This recommended that the main sensitivity criteria of soybean cultivars were photosynthetic depletion joined with the non-stomatal limitation and metabolic impairment.

The tolerance mechanism mediated by Spm priming on stressed plants efficiently restored water status by increasing both RWC and WUE through reduction of transpiration rate. Similarly, [@bib23] reported that spermine capable of enhancing the water relations of the plants thereby allowing rice to grow under drought stress. The enhancement of RWC and the reduction of water loss rate was corroborated with the reduction of transpiration rate was at the same par of the findings ([@bib24]; [@bib50]). Thus, better plant water status by spermine pre-treatment may be ascribed to conserving stomatal conductance restraining water use efficiency to be higher than control. It has been found that the exogenous application of spermine to pine trees under drought conditions caused a decline in transpiration rates, enhanced photosynthesis, and promoted osmotic adjustment ([@bib7]).

Spermine priming up-regulated cultivars metabolism by upregulation metabolic pathway especially the sensitive cultivar via exacerbation of soluble proteins and carbohydrates in a reflection of its role of enhancing plant body architecture to decrease dry matter loss during stress period. This is compatible with the general reputation that spermine is anti-senescence agents able to retard protein and chlorophyll loss in detached leaves ([@bib53]). Previous reports have shown that PAs was concerned with carbohydrate metabolism under multiple abiotic stresses. Spd effectively alleviated chill-induced metabolic disturbance of carbohydrate in spinach leaves ([@bib29]). Exogenous Put improved drought tolerance of wheat by increasing accumulation of soluble sugar in leaves ([@bib83]). [@bib38] reported that Spm application led to accumulation of high levels of water soluble carbohydrates, sucrose and fructose in white clover cultivars under drought stress. It suggests that there is powerful role related to Spm regulation of active osmolytes in drought-susceptible than -resistant soybean genotype as a way to retain water status under harsh conditions. Also, Spm priming reversed N-metabolism impairment for susceptible genotype Giza 21 under drought stress by converting free amino acids in favor of soluble protein accumulation. Under severe stress conditions the synthesis of osmolytes can ameliorate the detrimental effects of stress, by contributing to osmotic adjustment and/or acting as osmoprotectants ([@bib25]).

Differential adaptation of both cultivars to water deficit stress appeared through increasing of total osmotic potential for cv. Giza 111 rather than cv. Giza 21 which logically explained by higher osmolytes produced for the former under drought stress compared to the latter cultivar. In this regard, cv. Giza 111 which exhibited stimulation of soluble carbohydrates, soluble proteins and free amino acids under reduced water availability. Conversely, cv. Giza 21 greatly hampered C-metabolism with reduction of soluble and total sugars which may be due to hampering of photosynthetically active chlorophylls which resulted from low expression of enzymes involved in photosynthesis under drought conditions [@bib12]. The same cultivar reduced soluble proteins under withholding water regime in a relation of down regulation metabolic processes. Such reduction of soluble proteins may be in favor of free amino acids increment as recommended by [@bib31] who pointed out that the progressive reduction of total soluble proteins during water deficiency in the plants was induced by proteolysis, with the liberated amino acids used during the plant osmotic adjustment. Conversely, cv. Giza 111 which exhibited stimulation of soluble carbohydrates, soluble proteins and free amino acids under reduced irrigation water. Due to aggregation of solutes in the cell under water stress, the osmotic potential of the cell becomes highly negative, which causes endosmosis of water into the cell and maintains the turgor of the cell ([@bib69]). This case shed light on the importance of free amino acids contribution in osmotic adjustment because it\'s the only metabolite enhanced osmotic potential of cv. Giza 21. Although the regulatory metabolic role of spermine priming on the studied metabolites for both genotypes, surprisingly it kept the total osmotic potential at the control of cv. Giza 21 and lower than the corresponding level for cv. Giza 111. This situation may be indicated that spermine primed cultivars less suffering from water stress to direct whole cell energy towards plant production or these metabolites may be directed to be osmoprotectant and/or radical scavenging. Moreover, Spm priming had a positive effect on modeling free amino acids in both cultivars under water stress by inducing incorporation of free amino acids into soluble protein synthesis as cell matric water binder ultimately imparting the ability of stabilizing protoplasmic colloids.

The effectiveness of seed priming with spermine in improving the emergence and seedling growth could be also related to scavenging of ROS, thus spermine limited drought-induced oxidative stress. This could be ascribed to PAs compete with metal ions necessary for ROS formation, such as Fe^2+^ and Cu^2+^, which are considered as indirect roles of PAs in reducing ROS production ([@bib23]). [@bib67] suggested that Spm is a metabolic defense mechanism against senescence-induced oxidative stress and cell death. The production of ROS, especially H~2~O~2~, which is relatively long-lived ROS, is a major cause of oxidative burst ([@bib23]). For water-deficit treated plants, inhibition of CO~2~ assimilation, coupled with the changes in photosystem activities and photosynthetic electron transport capacity, results in accelerating the production of active oxygen in the chloroplast ([@bib11]). Such postulation correlated differential elevated values of hydrogen peroxide of both cultivars with variance reduction percentages of chlorophyll content under drought stress. For instance, water-deficit stress increased hydrogen peroxide of cv. Giza 21 by 380% at -1.1 MPa corresponding to reduction of chlorophyll content more than 50% of control. At the same level, limited reduction of chlorophyll content of cv. Giza 111 by 30% opposite to increment of hydrogen peroxide by about 100%, which again confirmed that pigment reduction was the main problem of the studied cultivars under drought stress. Moreover, this also confirmed that H~2~O~2~ production went linear with the severity of water stress on the studied cultivars.

The difference in the permeability of cell membrane may arise from changes in the extent of ROS to attack the cell membrane phospholipids ([@bib49]). So, the content of MDA increases in both cultivars proportional to their tolerance which adversely affected membrane integrity and increased cell leakiness in terms of electrolyte leakage. The sensitive cultivars displayed exacerbation of MDA and electrolyte leakage at an earlier water stress level, proving it to be more sensitive to low water availability. On the other hand, the elevated tolerance of cv. Giza 111 was furthermore ascertained under mild and moderate drought levels used where electrolyte leakage and MDA content was not significantly affected. Spm effectively enhanced membrane dysfunction by reducing electrolyte leakage and lipid peroxidation as a result to suppression of H~2~O~2~. Studies have shown that PAs act directly as a scavenger of free radicals against the oxidative injury in the plants or bind to antioxidant enzymes to break up the free radicals ([@bib62]). The spatial separation of positive charges in PAs at physiological pH could enable PAs to bind negatively-charged molecules such as nucleic acids, phospholipids and proteins, thereby protecting the structure and function of these macromolecules from degradation and modification ([@bib17]). This property would also enable the scavenging of free radicals and stabilization of intracellular membranes under stress conditions ([@bib5]; [@bib57]).

Such preservation of the cell membrane and reduction of hydrogen peroxide help delay the senescence and keep leaves long lived. Notably, elevated levels of Spm in an *Arabidopsis* mutant that lacks the PAs back-conversion pathway are associated with delayed dark-induced senescence, suggesting that Spm is a metabolic defense mechanism against senescence-induced oxidative stress and cell death ([@bib67]).

In addition to sugars, proteins and amino acids, plants are rich in several compounds considered as 'health-promoting', such as anthocyanins, flavonoids and other phenolics which may play roles in scavenging of ROS of plants induced under different stress conditions and causing oxidative stress ([@bib4]). Anthocyanins and phenolics enhanced under drought for both cultivars opposite to increment of hydrogen peroxide which might be a way to minimize extra production of reactive oxygen species. In this respect, the increase in antioxidant phenolic compounds levels in leaves can be considered as part of the response induced to cope with oxidative stress ([@bib4]; [@bib85]). This recommended by spermine priming which greatly accumulated anthocyanins and phenolics in cultivars leaves where overall correcting steps aided in ameliorating damaging effects of deficit irrigation. Parallel to the presented results, [@bib23] found that PAs application led to accumulation of high levels of free proline, soluble phenolics and anthocyanins, whilst curtailing the production of H~2~O~2~ and MDA and reducing the relative membrane permeability. Also, PAs have been reported to facilitate the accumulation of phenolic compounds and free proline to protect against oxidative damage ([@bib34]). Thus, it had been stated that pretreatment with Spm conferred drought tolerance of in vitro citrus plants via modulation of antioxidative capacity and stomatal response ([@bib70]).

PAs play effective role in regulation of the antioxidative mechanisms to mitigate the overproduction of ROS ([@bib70]; [@bib73]; [@bib24]). Plant synthesizes PAs endogenously, which further enhanced antioxidant defense mechanisms, including energizing antioxidants, ROS scavenging, metal chelation, and membrane stability ([@bib50]; [@bib16]). In the present study, spermine was effective in enhancing the total antioxidants estimated for both cultivars under drought stress. The tolerant cultivar (Giza111) kept the total antioxidant at the same level of droughted plants only which generally higher than control plants. Otherwise, the sensitive cultivar (Giza 21) further accumulated the total antioxidants over that of the corresponding droughted plants as well as control. Therefore, it is apparent that Spm pretreatment of cv. Giza 111 prevented oxidative stress, thus sufficed with total antioxidants and phenolics to lower than produced under stress, so Spm could be act as H~2~O~2~ scavenger. On the other hand, the sensitive cultivar mitigated the H~2~O~2~ production via exacerbation of total antioxidants, flavonoids and anthocyanins, so Spm could act as an elicitor of the antioxidant production. These results revealed the variance responses of the tested cultivars to spermine pre-sowing. A summarization of differential effect of water deficit stress on both cultivars and the role of spermine in augmentation of water stress tolerance of the studied cultivars was registered in [Figure 4](#fig4){ref-type="fig"}.Figure 4A summarization of differential susceptibilities cv. Giza 111 and cv. Giza 21 to water stress and the role of spermine in augmentation of water stress tolerance of the studied cultivars.Figure 4

5. Conclusion {#sec5}
=============

Overall, the spermine priming increased tolerance of soybean cultivars irrespective of water availability regimes applied, so it may be a direct stress-protecting compound and a stress signaling regulator. This mechanism professionally recovers pigmentation which left cells less energized by lessen H~2~O~2~ production and to some extent protect cell membrane from oxidative damage. Moreover, the adjustments of osmotic potential by enhancing cell fundamental components and efficiently maintain water status of leaves. Spermine effectively enhanced antioxidant system of the tested cultivars which left the membrane system of the cells less affected by drought stress. Thus, spermine priming could efficiently produce vigor soybean plants able to face arid, semi-arid and less irrigated agricultural systems.

Declarations {#sec6}
============

Author contribution statement {#sec6.1}
-----------------------------

Mona F.A. Dawood: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Amany H.A. Abeed: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Funding statement {#sec6.2}
-----------------

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

Competing interest statement {#sec6.3}
----------------------------

The authors declare no conflict of interest.

Additional information {#sec6.4}
----------------------

No additional information is available for this paper.
